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Abstract 
An investigation is conducted on the acoustical and structural properties of sandwich 
composite beams comprising polyurethane glass beads set in a matrix of epoxy resin core 
between two fibreglass sheets in order to assess their suitability for engineering 
applications, especially in urban, built-up or noisy environments. Transmission Loss (TL) 
and absorption coefficient of composite samples were determined using transfer function 
method. Experiments are conducted in order to determine the modulus of elasticity of the 
fibreglass sheets, the compressive strength of the bead core. 
1. Introduction 
The design of effective acoustic insulation and noise barriers is of great importance in ensuring 
that the ever-expanding residential and commercial infrastructure associated with increasing 
development, industry and population do not impact negatively on the normal everyday use of 
the built environment. In addition, there is an increased need to produce practical designs that 
also incorporate benefits to the environment and to reduce the impact on the health and 
lifestyles of people [1, 2]. Meeting the combined demands of increased population density and 
limited resource availability has become a key challenge which the structural and 
infrastructural designers of this century are facing. 
It has been suggested [3] that the current demand for housing stock within the United Kingdom 
necessitates the construction of 260,000 new residential units each year until 2023. Meeting 
this demand within such a short period of time can be approached by i) developing faster 
methods of construction, and ii) developing additional sites suitable for construction. Modular 
and offsite construction methods, whereby structural units or subunits are fabricated offsite and 
then assembled onsite, are becoming increasingly popular in the construction industry owing 
to their potential to reduce construction time [4], reduce overall costs of manufacture [4] and 
increase safety and reliability during construction and operation [5]; thus, increased research 
and development has focussed on the use of various construction materials and fabrication 
techniques in offsite construction, which have been summarised in a number of review studies 
[6–10]. The need to develop residential sites within urban centres is continuously increasing 
due to growing global urbanisation. With construction space already at a premium within most 
urban centres, the need to construct residential units in noisy or vibration-prone environments 
such as in proximity to highways and rail corridors is increasing [11,12]. When considering 
these particular challenges that face the construction industry, structural solutions that can 
combine speed and reliability of construction with the ability to provide a built environment 
free from excessive noise or uncomfortable vibrations offer considerable advantages to 
structural designers. 
Recycled glass bead composite panels (RGCPs) comprise two fibreglass facing sheets 
surrounding an inner core of recycled glass beads bonded in a matrix of polyurethane (PU) 
resin. Recycled glass has previously been employed in construction as both fine and coarse 
aggregates in concrete [13,14], as an additive in asphalt for highways [15] and lightweight 
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residential units and emergency shelters. Their low weight and portability make them ideally 
suited to modular construction, where whole units can be fabricated offsite and transported to 
their final location; alternatively, the panels can be easily manipulated onsite. Given that they 
are composed of recycled material, the sustainability of structures incorporating RGCPs is 
enhanced [16] and the composition of the core, which contains a number of voids, aids acoustic 
insulation [17]. However, although the mechanical behaviour of structural glass is relatively 
well understood and data exists for properties such as tensile strength, compressive strength 
and modulus of elasticity, to the best of the authors’ understanding, there is little to no literature 
available concerning the structural and mechanical properties of polyurethane-bound recycled 
glass bead core as a load-transferring mechanism in itself. 
Previous studies on the impact of noise from highway networks found that the frequency 
spectrum of A-weighted road traffic noise is typically between 125 Hz and 4000 Hz [18]. 
Acoustic noise barriers are required to ensure good performance in the mid frequency range 
between 500 Hz and 1500 Hz and to guarantee they relate to road traffic noise [2]. The 
effectiveness of a noise barrier is related to the characteristics and mechanics of the materials 
that they are made of.  The critical elements are the absorption coefficient of the material and 
the surface impedance [19]. There are other characteristics that collaborate towards the overall 
effectiveness of the material as an acoustic absorber, these are: characteristic impedance, 
porosity, density, flow resistivity and tortuosity. Highway noise barriers are made of porous 
materials to increase the sound absorption, leading to a lower sound level being reflected and 
transmitted. The flow resistivity and insertion loss generally increase as the density of the 
fibrous material increases. Fibrous materials are generally assumed anisotropic, meaning the 
fibres within the material lie in planes parallel to the surface. The subsequent flow resistivity 
changes depending on direction; along the panel in a planar direction has a lower flow 
resistivity, and at a normal incidence, the flow resistivity increases. Fibrous materials such as 
mineral wool are used for panel absorbers because of their anisotropic characteristic and 
cellular structure [20]. The effectiveness of a simple noise barrier is typically limited to a 
reduction of sound approximately 15 dBA due to diffraction, and barriers are most efficient at 
mitigating middle and high frequencies [21].  
The noise contribution from road traffic vehicles differs dependent on the type, size, weight 
and speed of the vehicle, effects of the road surface materials and meteorological effects such 
as temperature, humidity and wind direction [22–24]. As the acoustic properties of traffic noise 
reducing devices such as highway noise barriers is frequency dependent, there is a need to 
define a generic noise spectrum for test purposes [25]. For noise control application, any solid 
structure may be used for noise barrier between sound source and receptor point as long as the 
barrier has a sound transmission loss of at least 10 dB greater than the desired noise reduction.  
The aim of the present study is to determine the acoustical and structural properties of recycled 
glass bead composite panels in order to assess their suitability for civil engineering 
applications, especially in noisy urban environments, both as a construction material and as 
dedicated noise barriers. The sound absorption coefficient and transmission loss of noise 
barriers made of recycled glass bead composite panels were determined from the data obtained 
using transfer function method in an impedance tube system designed for the testing materials. 
Structural and mechanical tests were conducted in order to determine the modes of failure, the 
ultimate resistances, the initial linear stiffness and the ductility of the recycled glass bead 
panels. A simple design equation for the cross-sectional moment resistance of the panels is 
proposed and compared against the experimental results. 
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2. Acoustical investigation of composite panels’ performance 
In this section, experiments conducted on RGCP specimens to measure acoustic reflection, 
sound absorption and sound transmission loss are described. In the present study, the 
impedance tube method, which is performed via the transfer function method in accordance 
with BS EN ISO 10543-2:2001 [26], was employed to determine the acoustic properties. Three 
cylindrical specimens cut from full RGCPs, as shown in Figure 1, were tested: Specimens C01-
4-L and C02-1-L were 130 mm thick with a nominal glass bead diameter of 4–8 mm and 1–2 
mm, respectively, while specimen C03-1-S was 50 mm thick with a nominal glass bead 
diameter of 1–2 mm. The same specimens were tested in compression, as described in Section 
3.2. 
 
 
Figure 1: Acoustic and compression test samples. 
2.1 Absorption coefficient of RGCP specimens 
Sound attenuating barriers are solid structures that intercept the direct noise transmission path 
from a sound source to a receiver. They reduce the noise level within the shadow zone on 
receptor side. Measurements of sound absorption were taken in a circular impedance tube with 
an internal diameter of 100 mm (see Figure 2). In keeping with a previous study of clamped 
poro-elastic plates [26], the experiments were conducted in accordance with the procedure 
outlined in BS EN ISO 10543-2:2001 [27]. 
2.2.1 Methodology 
A sample of test material with a movable rigid backing is placed at one end of a tube and a 
loudspeaker is placed at opposite end of the tube. Two ¼ inch microphones were mounted into 
a microphone grid at positions along the length of the impedance tube (as indicated in Figure 
2), with each microphone grid being sealed tight to its housing. The microphones were fed to 
a four-channel data acquisition card (type MC3242, BSWA Tech.) which was connected to a 
computer for logging and further analysis. The acoustic sound field, an incident plane 
sinusoidal wave, Pi was created by a loudspeaker with a built-in amplifier. The transfer function 
method is used to determine the acoustical properties of the sample whereby the sound pressure 
at two fixed microphone locations within the tube is measured and then used as input for the 
acoustic transfer function to calculate the absorption coefficients.   
 
C01-4-L 
C02-1-L 
 
C03-1-S 
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Figure 2: Impedance tube system for absorption measurement 
2.2.2 Results  
The measured absorption coefficient spectra for the three samples are shown in Figure 3. 
Specimen C01 has an initial absorption peak of 0.58 at 251 Hz and a secondary absorption peak 
of 0.55 at 630 Hz while specimen C02 has an absorption peak of 0.62 at 250 Hz and a secondary 
absorption peak of 0.45 at 800 Hz. Specimens C01 and C02 are effective at low and mid-
frequency ranges and behave like porous panels. Specimen C03 has only one absorption peak 
of 0.84 at 501 Hz. The absorption mechanism of specimen C03 is effective around the 
resonance frequency, thus it is behaving like a resonator. Specimen C03 attenuates 84% of 
acoustical energy impinging on its surface at its resonance frequency. Specimens C02 and C03 
have the same nominal glass bead diameter (1–2 mm) but they have different thicknesses. 
Increasing the thickness of the materials enhanced the low frequency performance of the 
material while reducing mid-frequency absorption and shifting the resonance peak to a lower 
frequency. The resulting absorption performances of these samples are close to the peak sound 
pressure levels in the typical spectrum of road traffic noise.  
 
Figure 3: Absorption coefficient of glass bead samples. 
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2.3 The sound transmission loss (TL) 
The sound transmission loss of acoustic materials is important in building acoustics and 
environmental noise attenuation panels. There is not any established international standard for 
measuring the sound transmission loss of acoustic materials. Bolton et al [28] has modified the 
impedance tube and the procedure given in [26] for the transmission loss measurements. A 
measurement procedure given in [28,29] is followed for the transmission loss of RGCPs 
specimens. 
2.3.1 Measurement methodology 
Measurements have been carried out in a circular impedance tube with an internal diameter of 
100 mm (see Figure 4). A sample of test material is placed at the middle of a tube. A 
loudspeaker is placed at one end of the tube and a rigid plate is placed at the opposite end of 
the tube. Six ¼ inch microphones (three microphones on each side of the test sample) were 
mounted into microphone grid at positions along the length of the impedance tube. Each 
microphone grid was sealed tight to its housing. The microphones were fed to a four-channel 
data acquisition card (type MC3242, BSWA Tech.) which was connected to a computer for 
data analysis. The acoustic sound field, an incident plane sinusoidal wave, Pi was created by a 
loudspeaker that was fed with a power amplifier with build-in pink noise generator (type PA50, 
BSWA Tech.). The sound signals at four fixed microphone locations within the tube were 
simultaneously measured.  Microphones 1 and 3 for upstream tube and 4 and 6 for downstream 
tube are used to measure the transmission loss between 63 Hz and 500 Hz while microphones 
2 and 3 for upstream tube, and 4 and 5 for downstream tube are used to measure the TL of 
noise barriers between 250 Hz and 1600 Hz.  The VA_LAB using Transfer Function Method 
separates the incident and reflected energy from the measured transfer function, and then 
estimates the acoustic properties of the tested sample installed in the tube. 
 
 
 
 
 
   
 
 
 
Figure 4: Impedance tube system for transmission loss measurement 
2.3.2 Determination of the transmission loss 
The sound transmission loss (TL) of a noise barrier is defined [29] thus:  
  𝑇𝑇𝑇𝑇 = 20 log �𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗−𝐻𝐻13
𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗−𝐻𝐻64
� − 20 log|𝐻𝐻𝑡𝑡|   for TL between 63-500 Hz                          (1 𝑎𝑎) 
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  𝑇𝑇𝑇𝑇 = 20 log �𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗−𝐻𝐻23
𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗−𝐻𝐻54
� − 20 log|𝐻𝐻𝑡𝑡|   for TL between 250-1600 Hz                     (2 𝑏𝑏) 
where s is the distance between the centre of microphones, and k is the complex propagation 
constant, 𝐻𝐻13 = 𝑃𝑃3𝑃𝑃1 and , 𝐻𝐻23 = 𝑃𝑃3𝑃𝑃2 are the transfer function which is the ratio of the Fourier 
transform component between the sound pressures at microphones 1 and 3,  and at 
microphones 2 and 3 respectively, and 𝐻𝐻54 = 𝑃𝑃4𝑃𝑃5 , and 𝐻𝐻64 = 𝑃𝑃4𝑃𝑃6 are the transfer function which 
is the ratio of the Fourier transform component between the sound pressures at microphones 4 
and 5, and at microphones 4 and 6. 𝐻𝐻𝑡𝑡 = �|𝑆𝑆𝑑𝑑/𝑆𝑆𝑢𝑢| is the ratio between the auto-spectrum in 
the upstream tube 𝑆𝑆𝑢𝑢 and the auto-spectrum in the downstream tube 𝑆𝑆𝑑𝑑, respectively.  
The transmission loss of three composite samples tested in the experiments are shown in Figure 
5. The transmission losses of three samples increase throughout 1/3 octave band frequency 
range from 14.5 dB at 63 Hz up to 33 dB at 1600 Hz. At lower frequencies (63 Hz - 300 Hz) 
specimen C01 has a higher TL than specimens C02 and C03, while specimen C03 attenuates 
more noise than the other specimens at frequencies above 300 Hz. Specimens C01 and C02 
have different nominal glass bead diameter but their transmission loss performance above 400 
Hz is similar. The sound transmission losses of the specimens C01, C02 and C03 are 17.3 dB, 
16.5 dB and 21.8 dB at 500 Hz, respectively. These results are in the range of maximum 
transmission losses obtained with a practical noise barrier which is used for attenuating road 
traffic noise. The maximum noise transmission loss for noise barrier is approximately around 
15 to 20 dB at 500 Hz for the barriers very close to either source side or receiver side. Using 
masses for a barrier in excess of around 15 kg/m2 is a waste of recourses because the 
performance of noise barriers is limited by the diffraction over the top of the barrier and around 
the ends of the barriers [30]. 
 
Figure 5: Transmission loss of glass bead samples. 
3. Structural and mechanical testing 
In order to determine the structural and mechanical properties of the composite panels, a series 
of tensile tests, compression tests and bending tests were conducted on various specimens in 
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the Strengths of Materials laboratory at London South Bank University. In this section, the 
experiments are described, and the observed behaviour and the mechanical properties 
determined from the results are discussed. RCGPs have been used previously as floor panels 
bearing directly onto prepared soil surfaces, and also as roof panels. The current investigation 
aims to ascertain whether the panels are suitable as short-spanning floor panels. 
3.1 Determination of modulus of elasticity of fibreglass sheeting 
Two tensile coupons were cut from full RGCP specimens in order to examine the behaviour of 
the facing material in situ. After determining the average breadth and thickness (23.1 mm, and 
2.26 mm, respectively) across the central portion of the coupons, the ends were clamped in a 
Tinius Olsen H25KS tensile testing machine (see Figure 6), a clip gauge with a gauge length 
of 25 mm was attached to its central portion, and the specimen was then loaded in tension in 
the elastic range in order to determine the modulus of elasticity Efg. Based on the four 
experiments conducted, an average value of Efg = 7489 N/mm2 was obtained. 
 
Figure 6: Fibreglass specimen clamped in preparation for determination of modulus of 
elasticity. 
3.2 Compression tests of recycled glass bead cores 
Compression tests of cylinders cut from the panels were conducted at the Strengths of Materials 
laboratory at London South Bank University. In this section, the experiments are described and 
the load – deflection behaviour, the observed modes of failure, the ultimate resistances and the 
compressive strength of the cores are discussed. 
After the acoustic experiments described in Section 2 and density measurements were 
conducted, the specimens shown in Figure 1 were positioned between the loading platens of a 
Zwick/Roell 250 kN Universal testing machine (see Figure 7) and then loaded in compression 
via displacement control at a rate of 5 mm/min. 
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Figure 7: Specimen C02-1-L positioned in preparation for compression testing. 
As can be seen in the graphs of machine load P against end shortening ∆ shown in Figure 8, an 
initial regime of elastic deformation was observed in each test specimen prior to the onset of 
crushing of the bead core. There then followed a regime of successive crushing, cracking and 
compaction of the bead core. The failure modes observed are shown in Figure 9. It can be seen 
that the compressive resistances of the specimens are quite similar, indicating that the 
compressive strength σc,c of both types of bead core are similar; these values are shown in 
Table 1, respectively. Measurements of the compressive modulus of elasticity of the material 
were less reliable owing to the variable strain distribution being transferred through the bead 
core. It can be seen in the case of specimen C03-1-S that after a certain amount of crushing of 
the bead core, the load increases again, which can be attributed to densification and compaction 
of the core after voids are removed. This indicates that an additional reserve of strength and 
resistance can be developed within recycled glass bead cores if the thickness of the core is 
optimised. This might be one of the reasons for C03-1-S behaving like a Helmholtz resonator 
and attenuating maximum absorption around its natural frequency.  
 
Figure 8: Load–end shortening relationships of recycled glass bead cores in compression. 
Table 1: Compressive strengths of glass bead core specimens. 
Specimen 
 
h 
(mm) 
Bead diameter 
(mm) 
σc,c 
(N/mm2) 
C01-4-L 130 4 - 8 2.29 
0
2
4
6
8
10
12
14
16
18
20
0 5 10 15 20 25 30
P
(k
N
)
∆ (mm)
C01-4-L C02-1-L C03-1-S
9 
 
C02-1-L 130 1 - 2 2.20 
C03-1-S 50 1 - 2 2.08 
 
 
Figure 9: Failure modes of glass bead core specimens in compression: (left to right: 
specimens C01-4-L, C02-1-L, C03-1-S). 
 
4. Conclusions and further work 
A state of art investigation is carried out to determine the acoustical and structural parameters 
of recycled glass bead composite panels comprising two fibreglass facing sheets surrounding 
an inner core of recycled glass beads bonded in a matrix of polyurethane resin. The acoustical 
experiments were conducted on cylindrical samples cut from full composite panel specimens 
in an impedance tube using the transfer function method in order to determine the sound 
absorption coefficient and transmission loss of them. The results show that C01 and C02 
samples are good at attenuating noise at lower frequency while C03 sample is good at absorbing 
sound at mid frequency, around its natural frequency. The absorption performances of 
composite panels are close to the peak sound pressure levels in the typical spectrum of road 
traffic noise. The sound transmission loss of the samples measured at 500 Hz are in the range 
of maximum transmission loss obtained with a practical noise barrier, hence demonstrating the 
efficacy of the panels in providing acoustical insulation both as highway noise barriers and also 
in a residential application. 
A range of structural and mechanical tests have been conducted in the Strengths of Materials 
laboratory at London South Bank University. Tensile tests were performed on coupons cut 
from the fibreglass outer sheets of full recycled glass bead composite panels in order to 
determine the elastic modulus of the sheeting material after the fabrication process. 
Compressive testing was conducted on the cylindrical samples used in the acoustical testing in 
order to determine the compressive strengths of the two different bead core compositions under 
investigation. It was found that the compressive strengths of cores containing 1–2 mm diameter 
bead and those containing 4–8 mm diameter bead are very similar. It was also found that, after 
complete compaction of the 50 mm thick bead core, the overall load increased again, indicating 
that there exists an additional reserve of strength within recycled glass bead cores, which makes 
C03 sample to behave like a resonator and making the sample to be effective at around its 
natural frequency.   
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